We have previously mapped a locus controlling Plasmodium falciparum blood infection levels (PFBI) to chromosome 5q31-q33. We genotyped 19 microsatellite markers on chromosome 5q31-q33 in a new sample of 44 pedigrees comprising 84 nuclear families and 292 individuals living in a P. falciparum endemic area. Using a nonparametric multipoint variancecomponent approach (by GENEHUNTER), we evidenced a peak of linkage close to D5S636 (P ¼ 0.0069), with a heritability of 0.46. Using a variance-component method for linkage-disequilibrium mapping of quantitative traits (by QTDT) and the Bonferroni correction for multiple testing, we further detected allelic association in the presence of linkage between blood infection levels and D5S487 (P ¼ 6 Â 10 À5 ; P c ¼ 0.0011), which is located on the distal part of the peak. These results confirm the importance of chromosome 5q31-q33 in the genetic control of PFBI levels.
Introduction
About 50 years ago, Haldane hypothesized that Plasmodium falciparum malaria was an important selective force for human evolution. 1 He proposed that thalassemia and other hemoglobinopathies gave a selective advantage for survival in malaria endemic areas. Over the past 10 years, case-control studies have shown the association between resistance to severe malaria and several genes encoding red blood cell proteins or immunological molecules. 2, 3 Genetic factors have also been shown to control blood infection levels [4] [5] [6] and malaria attacks, 7, 8 and to regulate antimalarial immune responses. [9] [10] [11] [12] The genes involved need to be identified; studies are being performed to map such genes. Recently, we evidenced in an urban population living in Burkina Faso a linkage of P. falciparum blood infection levels (PFBI) to chromosome 5q31-q33, which contains a remarkable congregation of genes for cytokines or cytokine receptors. 13 Further studies are required to determine in African populations with different genetic backgrounds or living in different P. falciparum pressure areas whether blood infection levels are controlled by the same locus. We have previously surveyed a population living in a rural area of Burkina Faso, in which the malaria transmission intensity was eight-fold higher than in the urban population. 6, 14 We genotyped 19 microsatellite markers on chromosome 5q31-q33 in 292 residents in the rural area. We present here linkage and association analyses of blood infection levels.
Results
The information content of the inheritance pattern at each point of the 5q31-q33 region, computed as previously described, 15 ranged from 85 to 98%. Twopoint variance-component linkage analysis yielded P-values of 0.0017, 0.042, 0.027, and 0.024 for marker loci D5S636, D5S673, D5S2012, and IL12B, respectively. Multipoint variance-component linkage analysis over the whole region revealed one peak close to the D5S636, with a P-value of 0.0069. Figure 1 shows the profile of mean variance components expressed as a proportion of total variance. On this basis, the heritability of the locus was 0.46.
We evaluated association in the presence of linkage between markers and blood infection levels. The QTDT analysis yielded nominal P-values of 0.006 and 6 Â 10
À5
for IL4 marker and D5S487, respectively. To account for multiple association tests, we used the Bonferroni procedure. Linkage and association between IL4 and blood infection levels were no longer significant. In contrast, we obtained a P c value of 0.0011 when analyzing the D5S487 marker.
Discussion
We have previously reported linkage of blood infection levels to chromosome 5q31-q33 in a population living in an urban endemic area, in which malaria transmission intensity is low. 13 The results presented here strengthen the previous observation of linkage and provide further evidence that chromosome 5q31-q33 contains genes controlling blood infection levels. We also report the first allelic association between a genetic marker and blood infection levels. Interestingly, the study subjects live in a rural area, in which the intensity of malaria transmission was eight-fold higher than in the urban area. Moreover, all the people living in the rural area belong to the Bobo ethnic group, which represents only a minority (6%) in the urban area. This suggests that blood infection levels are controlled by genes within chromosome 5q31-q33 in various African populations living in areas of differing P. falciparum pressure.
Interestingly, we found a peak of linkage that is not within the chromosomal region previously described. 13 Since it is well known that the allele sharing proportion may not attain its maximum at the locus, one might assume that the same PFBI locus controls blood infection levels in our two study populations. Another explanation would be that we detect here a second locus very close to the PFBI locus. Since chromosome 5q31-q33 contains several candidate genes encoding immunological molecules, the two putative loci may be involved in the same physiological pathway. This is consistent with our initial findings that two distant markers (IL4 and D5S487) appeared to be associated, in the presence of linkage, with blood infection levels.
A sib-pair linkage analysis conducted in Cameroonian families failed to find statistically significant linkage. 16 The sample was too small to allow detection of a significant linkage (26 sibling pairs from nine families). The authors suggested, nevertheless, there was a trend in favor of linkage between P. falciparum parasitemia levels and D5S636. Strikingly, the peak of linkage that we present here is located close to D5S636. These data taken together suggest the existence of genes controlling blood infection levels in that chromosomal region. This is further supported by the allelic association of D5S487, located on the distal part of the linkage peak. Besides, the chromosomal region linked to P. falciparum, blood infection levels are also linked to intensity of infection by S. mansoni 17, 18 (SM1). This suggests that the same genes may control levels of infection by different infectious pathogens. In the same way, the chromosomal region we describe in the present study is near microsatellite markers linked to atopy 19, 20 (IGES and IGER), suggesting that genes involved in immunopathology and located on chromosome 5q31-q33 may also influence the outcome of infectious diseases.
In conclusion, we detected, in a new family sample, linkage and allelic association between PFBI and markers on chromosome 5q31--33. The heritabilities owing to the locus we found in our previous study 13 and in the present study were similar. The results suggest that genes located on chromosome 5q31-q33 play a central role in the control of blood infection levels. The identification of these genes should help us to better understand the mechanisms that protect humans from malaria. D5S658  D5S2017  D5S1972  D5S436  D5S2090 ADRB2  D5S636  D5S673  D5S2012  D5S487  IL12B  IL9  IRF1 1cM Genetic map Genetic control in human malaria L Flori et al
Subjects, materials, and methods

Subjects and phenotype determination
The study population comprised 292 subjects from 44 pedigrees corresponding to 84 nuclear families. The study subjects live in a rural area, Logoforousso, a village to the south-west of Bobo-Dioulasso. The population and the area of parasite exposure have been previously extensively described. 6, 14 The malaria transmission showed seasonal variation, with a peak during the rainy season (August-December). The number of infective bites per person per year was 230. All the people belong to the Bobo ethnic group. Volunteer families were randomly selected from 3500 inhabitants. Informed consent was then obtained individually from all participants or their parents. The protocol was approved by the national medical authorities of Burkina Faso.
From the 53 pedigrees studied in our previous segregation analysis, 6 44 informative pedigrees corresponding to 84 nuclear families and containing at least two available sibs or two available half-sibs were selected for genotyping. Finally, 292 subjects (103 parents and 189 children) were available for genotyping and retained for linkage analysis. The 44 pedigrees led to 178 sib-pairs and 147 half-sib-pairs. The mean age of the sibs was 9.9 7 4.4 (3-25 years).
The parasitological examinations were performed as described. 6 During 2 years, each family in the rural area was visited 28 times. Blood samples were taken from all individuals present. The mean number of P. falciparum parasitemia measurements per subject was 14.7 7 8.0 (range 1-28). The parasite density (PD) was defined as the number of parasitized erythrocytes observed per microliter in thin blood films. The analysis was conducted on a logarithmic transformation of PD adjusted for seasonal transmission and for covariates that showed a significant effect on parasitemia. As previously reported, 6 the parasitemia was not associated with sex (P40.75), area of parasite exposure (P40.5), ABO blood group, Rh blood group (P40.2), and hemoglobin genotype (P40.5); in contrast, age, which was considered a continuous variable, strongly correlated with parasitemia (Po10
À4
) and was retained for data adjustment. Using the SPSS software (SPSS, Boulogne, France), we checked that the residual had a normal distribution. The standardized residual was the phenotype used for linkage and association analyses.
DNA analysis
Genomic DNA was extracted from mononuclear cells separated by Ficoll-Hypaque density gradient according to standard procedures. A total of 19 dinucleotide microsatellites markers were typed according to Vignal et al. 21 The sequence of primers used for amplifying Genethon markers (D5S490, D5S642, D5S2117, IL4-RP1, IL9-RP1, D5S393, D5S399, D5S658, D5S2017, D5S1972, D5S436, D5S2090, D5S636, D5S673, D5S2012, and D5S487) are detailed in a database. 22 The sequences of primers used for amplifying IRF1, ADRB2, and IL12B microsatellites were obtained with the PRIMER program: 
Statistical methods
Nonparametric multipoint linkage analysis was performed for sibship and half-sibship data using the variance-component method implemented in the software package GENEHUNTER 2.1. 23 The aim is to identify loci making a significant contribution to the total variance of the quantitative trait. At each point of the genome region, the program fits a model that separates the total variance into three components: environmental factors, a QTL at the location being tested, and other unlinked genes. We tested the null hypothesis that the genetic variance 2 g because of a QTL equals zero (no linkage) by comparing the likelihood of this restricted model with that of a model, in which 2 g is estimated. Twice the log e likelihood ratio has an asymptotic distribution, that is a 1/2 : 1/2 mixture of a 2 1 variable and a point mass at zero. 23 The map of the region and the distance between markers were based on the available sequence (The Human Genome Working Draft). Allele frequencies were computed using ILINK from the LINKAGE program. 24 Combined association and linkage analyses were carried out using the orthogonal model released in the QTDT 2.2.1 program. 25 Variance components are used to construct a test that utilizes information from all available offspring. It is a general linkage-disequilibrium test that is applicable to the analysis of quantitative traits in nuclear families of any size, with or without parental genotypes. We calculated P-values using the likelihood-ratio criterion. We used a Bonferroni correction to account for multiple tests performed.
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